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1, METHOD OF ANALYSiS 

2.1 GENERAL 
e 

Performance estimates for the stormwater control devices addressed in this report are 
computed using probabilistic analysis procedures conceived and formulated by DiToro, and 
developed by DiToro and Small (2,3,4). These procedures provide a direct solution for the long 
term average removal of stormwater and pollutants for several different modes of operation of-a 
control technique. The variable nature of storm runoff is treated by specifying the rainfall and the 
runoff it produces in probabilistic terms, established by an appropriate analysis of a long-term 
precipitation record for an area 

Long-term average reduction in mass loading is considered an appropriate measure of 
performance for several reasons. It recognizes the highly variable nature of storm runoff, which 
for a basin of fmed size, will result in higher removal efficiencies d&g some storm events and ’ 

lower efficiencies in others. In addition, characterizing basin performance in this manner provides 
a direct tie-in with the methods adopted by NURP for characterizing. the.intermittent andvariable.. 
impacts of storm runoff on water quality and for evaluating significance in terms of protectiveness . 

or ‘Impairment of beneficial uses. 

For assessing performance, the specification of the size or design capacity of a control 
device is often ambiguous, because the rate and volume of individual storm runoff events vary so 
greatly. This is influenced by regional differences in rainfall patterns, by the size of the drainage . 

area the device serves, and by the land use distribution of this area, which determines the degree of ’ 
impervious cover and the amount of runoff that any particular storm generates. For the procedures 
used in this report, variable rai.nfal&unoff rates, volumes, durations, and intensities are specified as 
a MEM and COEFFICIENT of VARIATION (CV = STANDARD DEVIATION / MEAN). A 
meaningful measure of device size or capacity is then the titio of its volume or flow capacity to the 
volume or flow rate for the MEAN storm runoff event. This permits a convenient generakation of 
the analyses perfomxd and allows results to be readily applied to various combinations of local 
conditions. * t 

Analysis procedures for computing size-performance relationships for three operational 
modes are presented in this section. A particular stormwater control device may incorporate one or 
more of these modes. Estimating performance for specific devices (for which examples 
Dresented in later sections of the report) requires selecting and combining the procedures for d -l. t t 
&odes that are appropriate, or adapting the pkcedures to the specific circumstances dictated by 
nature of the device. 
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2.2 l!kArNFALL 

A long-term record of hourly precipitation data, available from the U.S. Weather Service 
for many locations, may be separated into a sequence of discrete storm. “events” for each of which 
volume, duration, average intensity, and interval since the preceding event can be readily 
determined. The full set of values for each of these parameters may then be statistically analyzed to 
determine the mean and standard deviation, as well as the probability distribution of the set of all 
values for a parameter. A NURP publication (1) documents a computer program (SYNOP) that 
computes these statistics (and other information) f?om a USWS hourly precipitation rec&d 

Appendix Se&on 2 provides a tabulated summary of storm statistics for gages in various: 
parts of the country, developed Tom analysis of rain gage data by the SYNOP program. Appendix 

Section 3 presents information for estimating runoff coefficient. This information is provided-to 
assist the user in estimating appropriate values for local analyses. 

Analysis of a number of rainfalls records indicates that the storm parameters that are used in 
the analyses described in this report are well represented by a gamma distribution. This distribution 
has accordingly been incorporated in the probabilistic analysis procedures described in this report. 

2.3 FLOW - Cm 

i’his procedure addresses the condition where a device captures 100% of all applied flows, 
up to its capacity QT, and bypasses all flows in excess of this. No consideration is given to what 

+ happens to the “captured” fraction, other than&at it no longer discharges with the uncontrolled 
fraction. Some examples include the following: in a Combined Sewer Overflow situation, the 
amount of the total wet weather flow that is carried away from the overflow point by an interceptor 
sewer. and conveyed to a downstream sewage treatment plant can be considered to have been . 
“captured,” or removed from the overflows that would otherwise occur. A recharge device that + 
diverts a portion of the runoff by causing it to pexolate into the ground has captured some fraction 
of the surface runoff that would otherwise completely flow into a surface water body. 

I Whether or not fiuzher consideration must be given to the storm runoff so captured is not 
addressed here. The technique simply detedes the long-term average reduction (or capture) in 
stormwater volumes processed by the device, and the pollutant loads associated with them. . 

For storm flows that are gamma distributed, and a device that captures all inflows up to a 
rate, QT, the long-term fraction not captu&is given (3) by : . 
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f = 
r,” e-‘l r -1 

FC +%I’ =P [ 1 -GE dE‘ (1) 
G (‘1) 

where: 
k 

f FC = fraction not removed by Flow-Capture device 

I1 = 1/CV2 (reciprocal of square of CV of runoff flows) 

G(q) = Gamma function for rl 

E = 9/QR - QVQR 

9 = runoff flow rate for an event 

QR = mean storm runoff flow rate 

QT = flow rate capacity of device 

Transformed for numerical integration by Laguerre quadrature, this perfoxmance equation . 
becomes: 

a 

f FC 
~~ -- 

G cr,> f  (x,1 
m  (2) 

where: 
. 

. f(x > . 
J = Xj (Xj/fl + QT/QR) rl’l 

3 9 wj = abcissas and weights for Laguerre quadrature 

This equation has been solved for a range of values for normalized treatment capacity 
(QT/QR), and variability of storm runoff flows (CVq). Results are presented in Figure 1 which 
illustrates the effect of the above variables on long-term control efficiency of a device with this 
mode of ‘operation. 

2.4 FLOW - TREATMENT 

This procedure addresses the performan& of a device under variable input flows, when the 
treatment or removal efficiency for a pollutant varies with the rate of applied flow. It differs from 
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Figure 1. Average long term performance: 
flow-capture device 
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the previous case in that the entire runoff flow isprocessed. An example would be a sedimentation 
basin which is less efficient at higher flow-through rates than it is at lower ones. 

For variable runoff flows entering a treatment device that are gamma distributed and 
characterized by a mean flow and coefficient of variation (CV 9 ), the long-term average fraction of . 
‘total mass removed is: 

where: 

R L = 

R M= 

r = 

cv 9 
= 

. z = . 

I 
r-+1 

(3) 

long term average fraction removed 

fraction removed at mean runoff rate . 

1/CV2 (reciprocal of square of CV,> 

&efficient of variation of runoff flow rates 
. 

maximum fraction removed at very low rates. 

A graphic solution to this equation is presented by Figure 2 andi llustrates the effec t on 
long-term performance caused by variability of stormwater flows. The analysis assumes that 
removal efficiency of the device is-an exponential function of flow, thus: 

FRACTIONREMOVED = 1 - exp (Q/k) (4) . 

While not exact, this relationship appears to approximate many removal relationships 
adequately, and is appropriate for a pkning level analysis. 

t 2.5 VOLUME - CApruRE n 

This Drocedure addresses devices whose effectiveness is a function of the storage volume 
* provided. This mode of operation is illustrated by a basin that captures runoff flows untilit is filled 

and thereafter passes (untreated) all additional stormwater. The captured storrnwater runoff is then 
removed from*the basin in some manner once runoff ceases, in preparation for the next event. 

The analysis does not consider what happens to the captured volume; it simply assumes it 
to -be removed from the total discharge processed by the device. Off-line detention basins for * 

7 . . 



60 

Coefficient of Variation 
of Runoff Volume CV, 

REMOVAL AT MEAN RUNOFF FLOW 
MAXIMUM REMOVAL AT VERY LOW FLOW. 

(h/l/~) 

(expressed as percent) 

Figure 2. Long term performance of a device where removal 
mechanism is sensitive to flow rate 

8 



CSOs, which pump captured overflows back to the sewer system for processing at the treatment 
facility, provide one example of this mode of operation. Another example is a recharge basin, 
.which (in addition to operating ti a Flow-Capture device, Section 2.3) removes captured runoff 
volumes through percolation. ’ , e 

is: 
For storm volumes that are gamma distributed, the fraction not captured, over all storms, 

0 00 
f 

rp r$ 
V = G(r,) G(T2) J qq eXp [ r21 ] exp [ -5 q] 

q=o 00 
J A [A ++I’-:xp [-r2A] -dA dq (5). 8 

A=o 

where: 

‘1 

cv . Q 

CV d 
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f v 

= 11 cvq2 and 3 = l/cv,z 
- - coefficient of variation of runoff flow rates 

- - coefficient of variation of runoff durations 

- - storm runoff flow rate , 
- - average interval between stoIzn midpoints 
i basin effective volume, divided by mean 

storm runoff volume ( VE / VR ) 
. 

= fkaction of all volumes NOT captured by basin 
l 

The double integral cannot be evaluated analytically. A numerical. technique using a 
Laguerre quadrature to approximate the integral with a weighted polynomial is applied. The basic 
equation transformed for solution using quadratures is: _ 

n 

f 0 
rp r2’2 . 

v - 
Gtr,) G(T2) c 

Wk gLxkl 

k=l 

m n 1 

c wj f Lxj Jxk] 
I (6) 
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where: - 

g (x,> = [-+I' [+I- exp[-r, r2 V/Xk ] . 
1. 1 

. 

n = number of orders used in integration 

Xj,Xk,wj,wk = abcissas and weights for Laguerre Integration 
(from any handbook of mathematical functions) 

This integral has been solved for a range of values of V (=VE/VR) and values for 
coefficient of variation in a range typically obsened for rainfall/runoff. Results are plotted in 
Figure 3, which may be used instead of the equation. 

. 
From this figure, the average long-term perfoance of a volume device may be estiated 

based on the basin volume relative to the mean storm volume and the vtiability of individual event 
volumes being processed. However, the relationship is based on “effective” basin volume (VE) 
which may be quite different than the physical storage volume of the, basini(V In the-original. 
CSO application, DiToro and Small (3,4) present a procedure for approximating. the. effective. 
volume, based on an emptying rate ratio (E): 

Af2 
E =- (7) 

VR . 

where: 

A = 

Q! = 
* 
Aa = 

eI 

average interval between storms (hours) 

rate at which basin empties (cu ft 1 hour) 

volume removed between storms, on avenge (cu ft) 

VR = runoff volume from mean storzn (cu ft) 
. 

The effect of the emptying rate ratio on the fraction of physical basin volume which is 
effective is described by Figure 4. As indicated, in cates where the volume which can be removed 
in the average interval between storms is small relative to the storm volume which enters on 
average, much of the available volume may be occupiext with cqover fkom prior storms each time 
it rains. In such cases, effective volume may be considerably smaller than the physical storage 
volume provided. I 
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The expression m may be thought of as the volume ernpu- -+ uAv u--c=.--.i A A.- TT’D 
average interval between storm events. The smaller tn;ls*qu-ayy + A+.+~;& zI,,7CI! 
volume entering the basin during storms, the more likely it IS that rnts uuu wul 3uII wervAAcLLIAA A 

runoff when a storm begins, and the smaller will be the effective volume. When this ratit 
less than about 2, the effective volume becomes quite small compared with the physica! - . . 
piovided, especially for the larger basms. 
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